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Biofilms are bacterial communities residing within a polysaccharide matrix that are associated with persistence and antibiotic resistance in chronic infections.
We show that the opportunistic pathogen Pseudomonas aeruginosa forms biofilms within 8 hours of infection in thermally-injured mice, demonstrating that biofilms contribute to bacterial colonization in acute infections. P. aeruginosa biofilms were visualized within burned tissue surrounding blood vessels and adipose cells.
Although quorum sensing (QS), a bacterial signaling mechanism, coordinates differentiation of biofilms in vitro, wild type and QS-deficient P. aeruginosa formed similar biofilms in vivo. Our findings demonstrate that P. aeruginosa forms biofilms on specific host tissues independent of QS. The opportunistic gram-negative bacterium Pseudomonas aeruginosa is one of the leading causes of morbidity and mortality in thermally injured patients (1, 2). P. aeruginosa pathogenesis in burn wounds has been extensively examined using the thermally-injured mouse model, which closely resembles human burn wound sequela (3, 4) . In this mouse model, a low infecting dose (10 2 colony forming units (CFU)) of P.
aeruginosa causes up to 100% mortality within 48 hours (4) . Although bacterial biofilms have been associated with persistence and antibiotic resistance of P. aeruginosa in chronic infections, there is little information concerning the potential role of biofilm formation in acute infections, which are defined by short time courses and high severity.
Therefore, in order to determine if biofilms form in acute burn wound infections, we used microscopic approaches to visualize bacterial infections in situ in mice administered fullthickness, third-degree scald burns and infected with a green fluorescent protein (GFP)- All tissues harvested from PAO1-infected mice at 46 hour post-burn/infection exhibited extensive surface coverage (n=11), and aggregates measured 15-25 μm (Fig. 2 ). Individual bacterial cells that were not associated with structures were also observed at all time points (Fig. 2) .
Two distinctive clinical features of P. aeruginosa bacteremia are invasion and necrosis of blood vessels (6) . Historically, blood vessel invasion by P. aeruginosa has been associated with the presence of bacilli in a circumferential pattern surrounding the vessel, where the bacterial cells are aligned single file or in stacks between cells of the venous walls (6) . The formation of these structures is termed perivascular cuffing (PVC) (7) . PVC was visualized in PAO1-infected tissues by CSLM , transmission electron microscopy (TEM) and fluorescence microscopy using a specific P. aeruginosa fluorescence in situ hybridization (FISH) probe ( Fig 3C) . PVC similar to that seen in P.
aeruginosa-infected mouse tissues is commonly observed in human skin lesions termed ecthyma gangrenosum (8). Ecthyma gangrenosum is primarily associated with infections
by the Pseudomonas and Aeromonas species and clinical diagnosis of P. aeruginosa infection is often based entirely on the recognition of these lesions (7). However, the mechanisms controlling the formation of PVC by P. aeruginosa and the role of PVC in pathogenesis are not fully understood. In this study, the detection of PVC in PAO1-infected tissue correlated strongly with the systemic spread of the bacteria to the liver and/or blood (n=14/15). Therefore, biofilm formation around blood vessels may be an important step leading to invasion of the vasculature and systemic spread of the bacteria.
Bacterial biofilms have been defined as groups of bacteria attached to a surface and enclosed in a matrix, typically made of polysaccharides, nucleic acids and proteins (9) . Our CSLM images revealed large aggregates of P. aeruginosa, which were not removed by rinsing the tissue ( Fig. 2 and 3 ). P. aeruginosa aggregates were visualized (Fig. 2B) . These structures are consistent with the polysaccharide biofilm matrices that have been described in P. aeruginosa biofilms in vitro (10, 11) . For visualization by TEM, tissue sections were treated with ruthenium red, a polyanionic stain that stabilizes the structural integrity of the polysaccharide-rich BFM, which can be lost during the dehydration process (12, 13) .
Ruthenium red treated-tissue, counterstained with methylene blue revealed dark fiber-like structures between P. aeruginosa cells in TEM ( Supplementary Fig. 1 ), which are consistent with previously demonstrated biofilms (12, 13) . These fibrous structures were not visualized in areas devoid of P. aeruginosa.
The extracellular polysaccharide alginate is composed of mannuronic and guluronic acids and is a component of the P. aeruginosa BFM that may assist in protecting bacteria from antibiotics and host defenses in an infection (14) . Alginate is produced by PAO1 in vivo, and alginate antibodies are detected in patients with extant P.
aeruginosa infections (15, 16) . We examined whether alginate was associated with P.
aeruginosa vascular biofilms in thermally-injured mice. Deparafinized, PAO1-infected tissue sections were incubated with a monoclonal human anti-alginate antibody (17) The differentiation or maturation of P. aeruginosa biofilms in vitro depends on intercellular signaling systems or QS (18, 19) . QS systems in many gram-negative bacteria rely on acylated homoserine lactones (AHLs), which are produced at high levels when cell density is high and act as ligands for transcriptional regulators. The P.
aeruginosa synthases LasI and RhlI synthesize two AHLs, N-3-oxododecanoyl homoserine lactone (3OC 12 -HSL) and N-butyryl-homoserine lactone (C 4 -HSL), which bind and activate the transcriptional regulators LasR and RhlR, respectively (20) . These transcriptional regulators then initiate the transcription of many genes whose products, including proteases, elastases, toxins and hemolysins, are thought to be crucial for virulence (20) . P. aeruginosa strains lacking functional QS systems are less virulent than wild type strains (4) and form flat, undifferentiated biofilms on glass surfaces (18).
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wild type P. aeruginosa as they can be easily disrupted by the detergent sodium dodecyl sulfate (18) . However, the role of QS in biofilm formation has not previously been examined in vivo. In order to determine if a functional cell-to-cell signaling system is required for biofilm formation in vivo, we compared biofilm formation in thermally-injured mice infected with either PAO1 or an isogenic P. aeruginosa QS mutant strain (PAO1-JP2).
PAO1-JP2 carries deletions in the lasI and rhlI genes, and does not synthesize 3OC 12 -
HSL or C 4 -HSL (4). PAO1-JP2 is also defective in twitching motility (21) and is significantly less virulent in the thermally-injured mouse model (4). Tissues from PAO1
and PAO1-JP2 infected mice were evaluated for bacterial load, presence of micro-or macrocolonies and PVC. Additionally, several features of PAO1 and PAO1-JP2 biofilms were quantitatively analyzed using COMSTAT (22) , an image analysis program developed for analyzing structural elements in biofilms (Supplementary Table 1 ). CFU in the burn eschar were similar for both strains at 8, 24 and 46 hours, indicating that both can proliferate rapidly (Fig. 1) . Morphological analyses revealed no major differences between the biofilms formed by PAO1 versus PAO1-JP2 ( Fig. 2 and 3 and Supplementary Table 1 Table 1 ). This supports our previous findings that PAO1-JP2 does not spread through the burn eschar as efficiently as PAO1 (4), and this phenotype is likely due to its defect in type IV fimbriae mediated twitching motility which facilitates bacterial translocation over moist surfaces (24) . However, in most regards the in vivo biofilms made by PAO1-JP2 were similar to those made by PAO1.
These data indicate that AHL-based cell-to-cell signaling is not required for rapid biofilm formation by P. aeruginosa within a burn wound.
We have previously determined that PAO1-JP2 causes less bacteremia and lower percent mortality than PAO1 (4), and these results were confirmed in this study (Fig. 1) .
However, the diminished systemic spread and decreased virulence of PAO1-JP2 was not due to its inability to form a biofilm. It is likely that the difference in virulence between PAO1 and PAO1-JP2 are due to defects in the expression of QS-regulated virulence factors in the mutant strain. It is possible that one or more of these factors are needed for efficient blood vessel invasion subsequent to biofilm formation. Using a PAO1 strain carrying a GFP reporter fused to the rhlI promoter, we detected GFP expression around blood vessels similar to that seen with the constitutive GFP reporter (Supplementary Fig.   2 ). This supports the contention that the role of biofilms in acute infections may be to achieve the high local cell density needed for expression of QS-controlled virulence factors crucial for systemic spread. Burned skin sections from 3 mice infected with PAO1 carrying a rhlI::gfp promoter fusion were harvested after 24 hours and longitudinal sections of P. aeruginosa PVC around veins were imaged by CSLM as in Fig. 3 . Shown is a representative image.
